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Abstract: 
Tissue elasticity is closely related to the velocity of shear waves within biological tissue. 
Shear waves can be generated by an acoustic radiation force and tracked by, e.g., ultrasound 
or MRI measurements. This has been shown to be able to non-invasively map tissue elasticity 
in depth and has great potential in a wide range of clinical applications including cancer and 
cardiovascular diseases. In this study a highly sensitive optical measurement technique is 
proposed as an alternative way to track shear waves generated by the acoustic radiation force. 
A CCD camera was used to capture diffuse photons from tissue mimicking phantoms 
illuminated by a laser source at 532nm. CCD images were recorded at different delays after 
the transmission of an ultrasound burst, and were processed to obtain the time of flight for the 
shear wave. A differential measurement scheme involving generation of shear waves at two 
different positions was used to improve the accuracy and spatial resolution of the system. The 
results from measurements on both homogeneous and heterogeneous phantoms were 
compared to measurements from other instruments, and demonstrate the feasibility and 
accuracy of the technique for imaging and quantifying elasticity. The relative error in 
estimation of shear wave velocity can be as low as 5.5% with a spatial resolution of 2 mm. 
The system is shown to be highly sensitive and is able to track shear waves propagating over 
several centimetres given the ultrasound excitation amplitude and the phantom material used 
in this study. It was also found that the reflection of shear waves from boundaries between 
regions with different elastic properties can cause significant bias in the estimation of 
elasticity, which also applies to other shear wave tracking techniques. This bias can be 
reduced at the expense of reduced spatial resolution.  
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Introduction 
Changes in the mechanical properties of soft tissue, such as shear elasticity (stiffness), are 
usually correlated with pathological changes. In vitro and in vivo studies show that normal 
breast tissue is several times softer than fibroadenoma tissue and carcinomas (Ophir et al. 
1996). Manual palpation fails when lesions are small or deep in the body. Some lesions, such 
as breast tumours, are difficult to detect in standard ultrasound examinations due to the lack 
of echogenic properties (Garra et al. 1997).   
In the past two decades a number of imaging techniques have been developed to non-
invasively measure tissue elasticity in vivo (Greenleaf et al. 2003). The clinical potential of 
elasticity imaging has been demonstrated in imaging breast (Regner et al. 2006; Burnside et al. 
2007), cardiovascular disease (Pislaru et al. 2004; Trahey et al. 2004), and fibrosis (Sandrin et 
al. 2003), amongst others. 
In these elasticity imaging techniques tissues are deformed externally either by a low 
frequency vibrator (Parker et al. 1990) or static compression (Ophir et al. 1991), or internally 
by acoustic radiation force (ARF) (Sugimoto et al. 1990; Nightingale et al. 2002). Then tissue 
displacement within the tissue can be tracked by imaging techniques such as ultrasound 
(Lerner et al. 1990) or magnetic resonance imaging (Van Houten et al. 2003). However, these 
techniques typically only give relative measurements for tissue stiffness, partly due to the 
difficulty in obtaining accurate boundary conditions. 
The tracking of shear waves generated by a transient ARF is an attractive method to quantify 
tissue stiffness (Sarvazyan et al. 1998). The acoustic radiation force (ARF) is a force resulting 
from the momentum transfer between the propagating ultrasound wave and the tissue. The 
ARF has the same direction as the ultrasound wave propagation, and its magnitude can be 
approximated by: 
 ,  (1) 
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Where F (kg/(s2m2)), is the ARF, a (Np/m) is the absorption coefficient of tissue, I (W/m2) is 
the temporal average intensity and c (m/s) is sound speed in the tissue. The force is capable of 
deforming soft tissues by micrometres, as described thoroughly by a recent review paper 
(Sarvazyan et al. 2010). When the ARF is applied to the tissue, shear waves are generated and 
propagate away from the excitation region. The velocity of shear waves can be directly 
related to the mechanical properties of tissue by: 
   (2) 
Where s is shear wave velocity, µ is shear modulus, ρ is density, E is Young’s modulus and γ 
is Poisson’s ratio which is assumed to be 0.5 for incompressible tissues, providing the 
relationship E = 3µ. Consequently, the Young’s modulus can be directly related to shear 
wave velocity by: 
 ,  (3) 
Young’s modulus is an indicator of tissue stiffness, which can be obtained through this 
equation once shear wave velocity is known. Typically, there are two main ways to measure 
the shear wave speed: direct inversion of the Helmholtz equation (Oliphant et al. 2001; 
Nightingale et al. 2003; Bercoff et al. 2004) and time-of-flight measurement (Mclaughlin and 
Renzi 2006; Palmeri et al. 2008). However, these methods mainly use ultrasound to detect 
tissue displacement due to shear waves and the detection sensitivity is typically limited to 
tenths of a micron and above (Walker and Trahey, 1995).  
Optical detection of diffused temporally coherent light from within tissue is known to be 
highly sensitive to tissue displacement. Tissue vibration as a result of diagnostic ultrasound 
excitation is typically at the level of hundreds of nanometres or below, and such vibration can 
be readily detected optically. This has been utilised in ultrasound modulated optical 
tomography (also called acousto-optic imaging) to image local tissue optical properties at 
millimetre to centimetre depth. Recent reviews of this topic can be found in (Wang 2004; 
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Tang et al. 2010; Daniel S. Elson et al. 2011). Simulation results have shown that by using 
temporally coherent light and detecting the phase change of diffuse photons from tissue, 
tissue displacement at the level of nanometres can be detected (Li et al. 2009).  In this study, 
we propose the use of ARF based shear wave elasticity imaging using a modified ultrasound-
modulated optical tomography system with coherent light and a CCD camera (Li et al. 2010; 
Li et al. 2011).  
Methods 
Experiment set up 
A broadband focused ultrasound transducer (Panametric NDT Videoscan 307, 5 cm focal 
length) was excited using a 1 ms 5 MHz ultrasound burst with 6 MPa peak negative pressure 
to generate shear waves in tissue mimicking phantoms. The attenuation coefficient of 
phantom is 0.16 dB cm-1 MHz-1. A continuous 532 nm Nd:YAG laser beam (Spectra-physics) 
and a CCD camera (QImaging RetigaTM EXi fast 1394) was positioned perpendicular to the 
ultrasound axis (Figure 1). Whilst in our previous UOT system (Li et al. 2011) the optical axis 
was aligned perpendicular to the ultrasound axis and in line with the ultrasound focus, in this 
study the ultrasound axis was deliberately displaced from the optical axis (the distance 
between optical and acoustic axis is signified as DAO in Figure 1) to facilitate the tracking of 
shear wave velocity. The photons detected by the CCD passed through the optical detection 
volume defined by the laser scattering, and the resulting speckle pattern was processed to 
obtain the speckle contrast C by dividing the standard deviation σ of the CCD image intensity 
by its mean value . The value of C is dependent on the motion within the 
optical region during the CCD exposure time (1.5 ms in this study). C equals one if there is no 
motion, and decreases due to tissue motion. Tissue motion causes a modification of the phase 
of the diffuse photons and subsequent blurring of the speckle image. The contrast difference 
ΔC was obtained by subtracting the image contrast measured before the ultrasound exposure 
to that measured afterwards. ΔC increases with the amplitude of tissue motion (Li et al. 2002). 
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Optical measurements were repeated at various time points after the ultrasound exposure in 
order to track the propagation of the shear wave as a function of time, as seen in Figure 2b.  
Time of flight-based calculation of shear wave velocity 
Figure 2 illustrates the method for estimating the shear wave velocity. The acoustic axis 
(position A in Figure 2a) is separated from the optical axis (position O) by a certain distance 
(DAO). Shear waves are generated by transient ARF at the position A, and propagate toward 
the optical axis. Image contrast difference ΔC increases as the shear wave approaches the 
optical axis and will have a peak when the shear wave arrives at the optical axis (position O). 
Figure 2b shows the expected change of ΔC with time, which gradually increases until the 
peak and then decreases as the shear wave propagates away from the optical region. The time 
to peak (TTP1 in Figure 2b) is related to the distance between acoustic position A and the 
optical detection axis O (DAO1 in Figure 2a) and the shear wave velocity.   
Although shear wave velocity can be obtained by dividing DAO1 by TTP1 in Figure 2, in this 
study a differential technique is proposed involving ARF excitation at two positions (A and B 
in Figure 2a) in order to achieve improved spatial resolution and accuracy. If the position of 
the acoustic axis (and hence the shear wave origin) moves by ΔS from position A to position 
B while the optical axis remains unchanged, the peak in ΔC will shift in time by ΔT (Figure 
2b). Through knowledge of the time shift of the peak and the spatial distance between 
position A and B, the local shear wave velocity between these two positions can be obtained 
by dividing ΔS by ΔT.  
The time to peak was estimated after fitting each time of flight curve shown in Figure 2b with 
a cubic smoothing spline. Note that the decrease in the peak value of ΔC is due to the 
attenuation of shear wave. 
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Phantoms 
Homogeneous phantoms (93.5 mm × 42 mm × 20 mm) were created with three different agar 
concentrations (0.8%, 1.0%, and 1.2% agar) and 0.4% intralipid to simulate the scattering 
properties of biological tissue (Daoudi 2009). A heterogeneous phantom consisting of two 
different stiffnesses was made. The phantom (93.5 mm × 42 mm × 20 mm) was created by 
two conjoined slabs of the same dimensions (diagram in Figure 3), one of which contained 
0.8% agar and another one contained 1.2% agar. The intralipid content was the same for both 
slabs, which was 0.4%. Finally a phantom with a cylindrical mechanical inclusion was made. 
The background was made by 0.8% agar and inclusion was made by 1.2% agar. For both 
background and inclusion 0.4% intralipid was added, giving a reduced scattering coefficient 
of 5 cm-1which is within the range of soft tissue. The radius of the inclusion was 3.5 mm. 
Initial measurements and validation 
Initial measurements were made on the homogeneous phantoms to optimise the measurement 
parameters of the system. The optical axis (shown in Figure 1) was fixed and the ultrasound 
transducer was translated relative to it from 3 mm to 25 mm in steps of 1 mm (DAO in Figure 
2a varied from 3 mm to 25 mm with 1 mm step size). By quantifying the time shift of the 
peak in the speckle contrast for different DAOs, the shear wave velocity was obtained. This 
experiment allowed us to evaluate the influence of, and determine the optimal values for, the 
following two measurement parameters: a) the distance between the acoustic and optical axes 
(DAO); and b) the distance between the two ultrasound positions.  
To independently validate the Young’s modulus obtained from this optical shear wave 
tracking method, a mechanical testing machine (Tinius Olsen H5KS) was used to compress 
the phantoms and the obtained stress-to-strain curves were used to calculate the 
corresponding Young’s modulus using 
 ,  (4) 
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where f is the compression stress measured with a force sensor,  is the phantom strain along 
the direction of compression, and l and A are the phantom height and the contact area of 
phantom surface and compression applicator respectively. The contact area between the 
holder and the phantom is much smaller than the phantom surface to avoid any change in the 
contact area during experiment. Preload was to keep the phantom from moving but was kept 
as small as 0.3 N. For details on calculating Young’s modulus using this method please see 
(Wells and Liang 2011). 
 
Measurement of the heterogeneous phantom 
1D scan 
During the experiments on the heterogeneous phantoms (which consisted of a stiffer and 
softer section, as described above), only two DAOs (15 mm and 17 mm) were used based on 
the initial study on homogeneous phantoms (results shown in the results section). Figure 3 
illustrates the scanning scheme for heterogeneous phantoms.  During the first scan, a 15 mm 
DAO was used and the phantom was translated along the direction indicated in the figure with 
1 mm step size. For the second scan, the same phantom translation was repeated but the DAO 
was increased to 17 mm. The scanning started with the ultrasound axis fully in the softer 
section of the phantom and was stepped towards the stiffer part.  The measurement was 
repeated three times to evaluate the repeatability and noise.  
2D scan 
The phantom with a mechanical inclusion was scanned in 2D at a spatial step of 1mm in both 
directions. A spatial map of the Young’s modulus was built based on a single scan with 
DAOs of 15 and 17 mm. A spatial smoothing Gaussian kernel (size: 5mm, sigma: 2mm) was 
used to post-process the image.  
Finally in order to test the sensitivity of optical detection for weak shear waves, the 
homogeneous phantoms was measured with a fixed optical axis while the acoustic axis was 
moved in 1cm steps up to 7 cm away from the optical axis.  
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Results 
Initial measurements on homogenous phantoms and validation 
Experimental results are shown in Figure 4, where the Y axis presents different DAOs, the X 
axis is the time and the colour is the speckle contrast difference (ΔC). The maximum value of 
ΔC decreases as the DAO rises due to the attenuation of the shear wave. Different phantoms 
have different ΔC values due to their different stiffnesses. To further analyse the data and 
calculate the shear wave velocity, the TTP for each phantom at each DAO was found and 
plotted in Figure 5, where TTP is plotted against DAO.  The relationship between different 
DAOs and TTPs was found to be linear when the acoustic axis was not close to optical axis, 
as expected.  However, the slopes deviate from the linear trend for smaller DAOs for reasons 
described in the discussion section. The rate at which TTP changed for different transducer 
positions was evaluated using linear fitting for the Data from a 10 mm DAO onwards.  The 
inverse of the slopes for these three fitted lines represent the shear wave speed of the 
respective material. 
Table 1 compares the results when using the optical and mechanical methods. The Young’s 
modulus was found to increase with the increase of agar concentration. The deviation 
between the optical and mechanical methods is small and is no more than ± 10%. Note that 
the density was 1000kg/m3 for all phantoms. 
To calculate the local shear wave velocity, two DAOs were required for our proposed 
differential method. The DAO determines the signal-to-noise ratio (SNR) for optical detection 
as the larger the DAO, the smaller the shear wave amplitude due to attenuation. On the other 
hand, the relationship between the DAO and TTP was nonlinear when DAO was small. 
Therefore 15 mm was chosen for one of the DAOs. For the other DAO, two conditions were 
considered: a) the difference of the two DAOs determines the spatial resolution of the system 
so the smaller the separation the better resolution; b) the accuracy of the shear wave velocity 
estimation improves with larger differences between the two DAOs. The results in Figure 6 
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were calculated when the difference between the two DAOs was 1 mm, 2 mm and 3mm. It 
can be seen that the larger the separation, the smaller the standard deviations in the calculated 
shear wave velocity. The standard deviations for the hard phantom are calculated to be 0.47, 
0.20, and 0.07 for the three differences in DAO respectively. Therefore, a balance must be 
made between estimation SNR and spatial resolution. In the subsequent study, the distance 
between the two ultrasound positions was chosen to be 2 mm and the two DAOs chosen for 
subsequent studies were 15 mm and 17 mm. 
 
Results for the heterogeneous phantom 
Figure 7a shows the TTP while the phantom was scanned for the two chosen DAOs. For each 
curve in Figure 7a the TTP value varies depending on the elasticity properties between the 
acoustic and optical axis, while the difference between the two curves corresponds to the time 
for the shear wave to travel between the two DAOs. Based on this, the Young’s modulus (E) 
for the phantom was calculated and is shown in Figure 7b. It can be seen that the results are 
consistent with the expected values (dashed lines) when the ultrasound axis was away from 
the boundary between the soft and hard regions.  The slight difference between the calculated 
Young’s modulus and the expected value is likely due to variation in the fabrication of the 
phantom. When the ultrasound axis was close to the boundary between the soft and hard 
regions there is an unexpected maximum in both of the TTP curves.  This causes first a trough 
and then a peak in the calculated Young’s modulus. One possible reason for this is that shear 
wave reflection at the boundary constructively interferes with the original wave and causes a 
delay of the shear wave peak. It should be noted that the variations in each measurement in 
Figure 7 were less than 1% and hence the error bars were omitted. 
 
Investigation of shear wave reflection near the phantom soft-hard boundary 
In order to investigate whether the shear wave reflection was the cause for the maximum in 
Figure 7a and the estimation inaccuracy in elasticity in Figure 7b, the phantom was rotated 
180 degrees horizontally so that the ultrasound axis began in the stiffer (1.2% agar) part and 
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the phantom was translated so that ultrasound axis moved into the softer (0.8% agar) part.  In 
this case the shear wave reflection from the interface between the stiffer and softer parts 
should destructively interfere with the original shear wave thereby decreasing the TTP. These 
expected troughs were found experimentally as shown in Figure 8a. Calculation of Young’s 
modulus again shows the estimation accuracy of our system (Figure 8b) except when the 
ultrasound axis was near to the phantom hard-soft boundary.  In this case a peak was again 
found in the Young’s modulus calculation but with no associated trough as in Figure 7b, 
which is also expected due to the shapes of the individual TTP curves in Figure 8a.  The peak 
values of Young’s modulus in the two experiments differ slightly (around 85 kPa and 70 kPa 
respectively). This is likely because the distance between the acoustic axis and the soft-hard 
boundary was not the same for the two experiments, resulting in changes of the overlap 
between reflected and original wave.  
One method to reduce the boundary effect is to increase the separation of the two transducer 
positions to reduce the interference between the original and reflected shear waves. Figure 9 
plots the results for 2 mm (15 mm and 17 mm DAOs) and 4 mm (15 mm and 19 mm DAOs) 
differences in DAO. As shown, the accuracy of Young’s modulus measured at the boundary 
is increased by increasing the separation between the two transducer positions, at the expense 
of spatial resolution of the system.  
 
Results for 2D scan 
Figure 10 shows the result for 2D scanning of the phantom with an inclusion. DAOs of 15 
and 17 mm were used to obtain these data. The position of the inclusion is indicated by the 
dashed circle with which the obtained 2D image agrees well. The averaged estimated 
Young’s modulus of the inclusion is approximately 55 kPa in the figure which is higher than 
the 38 kPa resulted from homogenous phantom measurements.  The overestimation of the 
Young’s modulus is likely due to the wave reflection at the boundary as well as the variations 
during the fabrication of the phantoms. 
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Sensitivity study 
To study the sensitivity of our optical detection of the shear wave at large DAOs we 
investigated a range of DAOs from 4 to 7 cm.  Figure 11 shows that even for 7 cm DAO, the 
shear wave propagation can still be detected with a high SNR.  
Discussion and Conclusions 
An experimental setup has been proposed that noninvasively measures the local velocity of a 
shear wave generated by the transient acoustic radiation force. This potentially offers a useful 
tool for measuring tissue elasticity in vivo. By studying homogeneous and heterogeneous 
phantoms, it has been shown that the proposed technique is feasible for tracking the shear 
wave propagation in tissue mimicking phantoms and to quantify local tissue elasticity. It 
should be noted that the proposed technique is a differential technique that should depend 
only on the difference in measurements for two ultrasound positions, and any heterogeneity 
between acoustic and optical axis should not affect the results.   
Compared with existing techniques that mainly use ultrasound tracking, the proposed setup 
with optical tracking is potentially much more sensitive as it can detect tissue displacement of  
nanometres(Li et al. 2009), which potentially allows for a much more reliable estimation of 
tissue stiffness. In this study the optical measurements of tissue motion are still well above the 
noise even when the shear wave has propagated and been attenuated through 7 cm of the 
phantom. However it should be noted that the propagation distances over which shear wave is 
still detectable are dependent upon the initial displacement of the tissue and the material 
properties. Therefore further measurements in biological tissue are required to confirm the 
working range of the DAO for the system.  
Compared with ultrasound detection of shear waves, optical measurements are less sensitive 
to tissue displacement at a depth beyond a few centimetres because light is highly scattered in 
tissues. However, the high sensitivity of the optical measurements means weak shear waves 
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may still be detected as they propagate to the surface, that is to say, surface or subsurface 
optical measurements may detect a shear wave generated deep within tissue and this requires 
further study. 
The presence of elasticity boundaries and shear wave reflections has a significant impact on 
the elasticity estimation and introduces bias. We have shown that this effect can be reduced at 
the expense of spatial resolution. It should be noted that this reflection phenomenon is 
common to all techniques that are based on tracking shear wave propagation. A recent study 
(Deffieux et al. 2011) has proposed some filtering techniques to reduce this effect, which 
would be interesting to test with our system. 
The velocity estimation is biased when the ultrasound focus is close to the centre of the laser 
beam which is due to the finite size of the volume that the laser illuminates. When the DAO is 
small the shear wave is generated within the laser illuminated volume. In this case the optical 
detection tracks the shear wave propagation in both directions, which biases the time to peak 
measurements. This bias could also result from shear wave near-field diffraction effects, 
which means the shear wave needs to be a few millimetres outside the excitation region to 
observe a linear propagation trend. 
In this study the CCD exposure time used was 1.5 ms. This could be reduced to improve the 
maximum velocity detectable so that the system could be used to quantify very stiff materials. 
However a reduction in exposure time will also affect the SNR.  Given the very good SNR we 
currently have, we believe there are plenty of rooms to reduce CCD exposure time. The 
spatial extent of the optical imaging volume will also affect the accuracy of shear wave 
measurements because the measurement is a weighted spatial average within the volume. The 
spatial extent of the optical beam and the weighting depends on many factors such as the 
scattering coefficient of the tissue and depth.  
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In this study static tissue mimicking phantoms are used that did not take into account in vivo 
factors such as blood flow and tissue movement, which are likely to introduce extra noise to 
the optical measurements. Further studies are needed to evaluate this effect in vivo. 
In conclusion, a highly sensitive shear wave elasticity imaging technique based on optical 
measurements was proposed to quantify tissue mechanical properties. The feasibility and 
accuracy of this technique has been studied. The reflection of shear waves near elasticity 
boundaries and the bias caused to the estimation of elasticity were studied and by using larger 
distances between acoustic excitations, this effect was reduced at the expense of system 
resolution 
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Figure 1 Experiment setup. DAO: the distance between optical and acoustic axis, which can 
be adjusted by using the translation stage (not shown in the Figure), AMP: power amplifier, 
WG: waveform generator and DG: delay generator. The ultrasound absorbing material 
minimises the ultrasound reflection. The size of the tank is 30 cm × 20 cm × 7.8 cm. For more 
details for this set-up, please see (Li et al. 2010; Li et al. 2011). 
 
 
 
 
Figure 2 (a) Diagram of measurement principle. (b) Expected signals (optical contrast 
difference) as a function of time for ultrasound positions A and B. By finding the ratio of ΔS 
and ΔT, the average velocity between A and B can be obtained. Position O indicates the 
optical axis position, A and B are two different acoustic axis positions.  
 
 
 
 
Figure 3 Scanning scheme for the heterogeneous phantom. Position O indicates the starting 
position for optical axis in two scanning runs. A and B are two different acoustic axis 
positions. 
 
 
Figure 4 Optical contrast difference (ΔC) as a function of time and DAO in three homogenous 
phantoms of different stiffness. 
 
 
 
 
Figure 5 Time to peak (TTP) as a function of DAO in three homogenous phantoms of 
different stiffness. Young’s Modulus can be calculated as the inverse of the slopes. 
 
 
 
 
Figure 6 Estimated shear wave velocities in different phantoms with three separation 
distances between two DAOs. It can be seen that increasing the distance between the two 
DAOs reduces the variations of the measurements.  
 
 
 
 
 
Figure 7 Scanning results of the heterogeneous phantom. (a) Time to peak (TTP) and (b) 
calculated Young’s modulus across the phantom.  
 
 
 
 
Figure 8 Scanning results of the heterogeneous phantom that was turned 180 degrees 
horizontally.  (a) Time to peak (TTP) and (b) calculated Young’s modulus across the phantom.  
 
 
Figure 9 Scanning results of the heterogeneous phantom with 2mm and 4 mm separation 
distance for the two DAOs. It can be seen that accuracy of estimation in Young’s modulus is 
improved at the expense of image resolution when the separation of two DAOs increases. 
 
 
 
 
Figure 10 Two dimensional scan of a phantom with a cylindrical stiff inclusion (3.5 mm in 
radius). The figure only shows part of the phantom with the inclusion.  
 
 
 
 
Figure 11 Image contrast difference (ΔC) changes as the function of time with various DAOs 
ranging between 4cm and 7cm.  
 
 
 
 
Table 1 Young’s modulus of phantoms measured with a mechanical testing machine and optical detection 
Phantoms Shear wave velocity 
(Optical method) 
Young’s modulus 
(Optical method) 
Young’s modulus 
(Mechanical test) 
Deviation 
0.8% agar 2.37 m/s 16.86 kPa 17.96 kPa 6.52 % 
1.0% agar 3.01 m/s 27.18 kPa 26.52 kPa 2.47 % 
1.2% agar 3.57 m/s 38.23 kPa 35.47 kPa 9.78 % 
 
 
 
